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Edited by Ulf-Ingo Flu¨ggeAbstract D-Glycerate kinases (GK) occur in three phylogenet-
ically distinct classes. Class II GKs produce glycerate 2-phos-
phate, while both class I GK and class III GK (GLYK) are
thought to produce glycerate 3-phosphate. We report on the
identiﬁcation of a bacterial-type class I GK in the unicellular
cyanobacterium Synechocystis sp. strain PCC 6803 and of a
plant-type GLYK in the ﬁlamentous cyanobacterium Nostoc
sp. strain PCC 7120. The comparison with other prokaryotic
and eukaryotic GKs of both classes shows that glycerate 3-phos-
phate is produced only by the GLYKs, but, in contrast to current
thinking, not by any of the examined class I enzymes.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Plants1. Introduction
The diversity of D-glycerate-forming pathways is reﬂected in
the occurrence of three phylogenetically distinct classes of gly-
cerate kinases (GK) [1]. Class I GKs, with only one reported
exception [2], are thought to act as glycerate 3-kinases [3,4],
generating glycerate 3-phosphate (3PGA) in bacterial gluca-
rate and glycolate metabolism [5]. Class II GKs form glycerate
2-phosphate (2PGA). These enzymes contribute to the use of
one-carbon compounds via the serine cycle of methylotrophic
bacteria [6,7], sugar degradation via the non-phosphorylating
branch of the Entner–Doudoroﬀ pathway of Archaea [8,9],
and serine catabolism in animals [10]. The 3PGA-forming class
III GKs (GLYKs) have been puriﬁed from Saccharomyces
cerevisiae [11] and a number of plants (for example [12]), but
identiﬁed on the molecular level only recently [1]. GLYK is
an indispensable enzyme of the photorespiratory cycle in
plants. However, photorespiration is not unique to plants
but also occurs in cyanobacteria [13]. Interestingly, some uni-
cellular cyanobacteria, such as Synechocystis sp. strain
PCC6803, seem to harbour class I GKs. In contrast, putative
GLYK-homologous enzymes have been predicted in theAbbreviations: 2PGA, glycerate 2-phosphate; 3PGA, glycerate 3-
phosphate; GK, glycerate kinase; GLYK, class III GK
*Corresponding author. Present address: Universita¨t Rostock, Institut
fu¨r Biowissenschaften, Abteilung Pﬂanzenphysiologie, Albert-Ein-
stein-Straße 3, D-18051 Rostock, Germany. Fax: +49 (0) 3814986112.
E-mail address: hermann.bauwe@uni-rostock.de (H. Bauwe).
0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.07.038majority of cyanobacteria including all ﬁlamentous strains,
which are supposed to be close relatives of the endosymbiontic
plastid ancestor [14].
Here, we report on the identiﬁcation of a bacterial-type class
I GK in the unicellular cyanobacterium Synechocystis sp.
strain PCC 6803 (hereafter Synechocystis) and of a plant-type
GLYK in the ﬁlamentous cyanobacterium Nostoc sp. strain
PCC 7120 (hereafter Nostoc). The comparison with other
GKs of these two classes shows that 3PGA is produced only
by the GLYKs, but, in contrast to current thinking, not by
any of the examined class I enzymes.2. Materials and methods
2.1. Expression vectors
Escherichia coli strain TG1 was used for all routine DNA manipula-
tions. The GK genes were ampliﬁed by PCR using cDNA (AtGLYK
and OsGLYK, RevertAid cDNA synthesis kit, FERMENTAS) or
genomic DNA (ScGLYK, NosGLYK, SynGK, EcoGK1, and EcoGK2),
respectively, with a combination of proof-reading Pfu polymerase
(FERMENTAS) and Taq-PCR Master Mix Kit (QUIAGEN) and
gene-speciﬁc primers as listed in Table 1. For AtGLYK and OsGLYK,
sense primers were designed to exclude sequences encoding the chloro-
plast-targeting peptides. PCR-products were ﬁrst cloned into pGEM-T
(PROMEGA), excised and then ligated via the introduced ﬂanking
restriction sites into the expression vector pBAD/His-A (INVITRO-
GEN) or, in case of SynGK, pASK-IBA7plus (IBA).
2.2. Production of recombinant proteins and isolation of AtGLYK
Expression was induced in E. coli strains LMG194 (pBAD/His-A,
200 mg l1 L-arabinose) or BL21 Gold (pASK-IBA7, 0.2 mg l1 anhy-
drotetracycline). After 5 h, cells were harvested by centrifugation,
resuspended in ice-cold 20 mMNa-phosphate buﬀer (pH 7.8), and son-
icated (six 10 s bursts, 90 W, ice-cooling). Supernatants obtained after
centrifugation (12000 rpm, 30 min, 4 C) were used for tag-puriﬁcation
of the recombinant enzymes according to the provided manufacturer
protocols. All buﬀers used for puriﬁcation, storage, and biochemical
analyses of SynGK contained 5 mM DTT. Native Arabidopsis GLYK
was prepared from 200 g leaves as described before but using a
1.6 · 15 cm Blue Sepharose CL-6B column (GE HEALTHCARE)
for the last puriﬁcation step [1]. Purity was examined in Tricine–SDS
gels [15].
2.3. Enzyme assays and kinetic parameters
Enzyme activities were determined at 30 C by coupling substrate
turnover to oxidation of NADH in three diﬀerent assays [12], all initi-
ated by the addition of 2 mM (varying concentrations for Km) D-gly-
cerate in a total volume of 1 ml. Standard assay 1 (ADP formation)
contained 100 mM Tricine–KOH (pH 7.8), 5 mM ATP, 6.25 mM
MgCl2, 0.2 mM NADH, 2.5 mM phosphoenolpyruvate (PEP), 5 U
each of pyruvate kinase (PK) and lactate dehydrogenase (LDH; all en-
zymes from SIGMA–ALDRICH). Standard assay 2 (2PGA forma-
tion) contained 100 mM Tricine–KOH (pH 7.8), 5 mM ATP,
6.25 mM MgCl2, 0.2 mM NADH, 5 U each of enolase, PK andblished by Elsevier B.V. All rights reserved.
Table 1
Oligonucleotides used for PCR ampliﬁcation (restriction sites underlined) of GK genes from Arabidopsis thaliana (AtGLYK, At1g80380), Oryza
sativa (OsGLYK, Os01g0682500), Nostoc sp. PCC 7120 (NosGLYK, CYORF alr2873), Saccharomyces cerevisiae (ScGLYK, YGR205W),
Synechocystis sp. PCC 6803 (SynGK, slr1840), and E. coli K12 (EcoGK1, BAE77171; EcoGK2, BAE76292)
Gene Direction Sequence
AtGLYK Forward 5 0-CTCGAGACAGTGGATGTCTCTTCGGTGTCAG-30
Reverse 5 0-CTCGAGTTAGTTTGCGAGTATCGGGTTCCT-3 0
OsGLYK Forward 5 0-CTCGAGATCTCCTCCGTCCAGGAC-30
Reverse 5 0-GGTACCTCATCTACCCCACATAGGATTCCTC-30
ScGLYK Forward 5 0-CTCGAGCCTTCCTCTTCTTATTTATCCTCCAAG-3 0
Reverse 5 0-GGTACCCTATTCAATACATCTCGTTTTCGTAG-30
NosGLYK Forward 5 0-CTCGAGATGCAAGTTGGGCAGAAAGAAGCG-3 0
Reverse 5 0-GGTACCTTACCAATTCGGTTGATAAACTTGAC-30
SynGK Forward 5 0-GCTCGAGATGCGTCAAATTTTGAT-30
Reverse 5 0-CGAATTCTCAGTTTTGACTTTGGA-30
EcoGK1 Forward 5 0-CTCGAGATGAAAATCGTAATCGC-30
Reverse 5 0-GAATTCTCACCCCGCGTTGCGC-30
EcoGK2 Forward 5 0-CTCGAGATGAAGATTGTCATTGC-30
Reverse 5 0-GAATTCTTAGTTTTTAATTCCC-30
3026 O. Bartsch et al. / FEBS Letters 582 (2008) 3025–3028LDH. Standard assay 3 (3PGA formation) contained 100 mM Tri-
cine–KOH (pH 7.8), 5 mM ATP, 6.25 mM MgCl2, 0.2 mM NADH,
2.5 mM PEP, 5 U each of 3PGA kinase, glyceraldehyde 3-phosphate
dehydrogenase and PK. Addition of PK prevented inhibition of the
3PGA kinase reaction by ADP. Km values were determined by non-lin-
ear regression analysis (GraphPad Prism) from the rates of ADP for-
mation (assay 1).3. Results and discussion
We have earlier identiﬁed the GLYKs from Arabidopsis
(AtGLYK) and S. cerevisiae (ScGLYK) as members of a novel
kinase family [1]. To extend these studies, we now examined
putative GLYK orthologs from the ﬁlamentous cyanobacte-
rium Nostoc and the monocot plant Oryza sativa (NosGLYK
and OsGLYK, respectively). For functional identiﬁcation and
comparison, respectively, with class I GKs, we included the
putative GK from the unicellular cyanobacterium Synechocys-
tis (SynGK) and the two reported GK isoforms from the pro-
teobacterium E. coli (EcoGK1, gene glxK; EcoGK2, gene
garK) [16]. The PCR-ampliﬁed genes were expressed in
E. coli and the recombinant enzymes tag-puriﬁed. Most en-Fig. 1. Aﬃnity-puriﬁed recombinant GKs separated by SDS–PAGE.
(M) Molecular size markers; (1) AtGLYK; (2) OsGLYK; (3)
ScGLYK; (4) NosGLYK; (5) SynGK; (6) EcoGK1; (7) EcoGK2.zymes were obtained in good purity (Fig. 1). Only the recom-
binant putative NosGLYK co-eluted with a second protein,
which was mass spectrometrically identiﬁed as the E. coli
60 kDa chaperonin Cpn60 (GroEL, data not shown).
Using assay 1 (ADP formation), which does not discriminate
between 2PGA or 3PGA formation, respectively, we deter-
mined high GK activity for all enzymes including the putative
Synechocystis, Nostoc, and rice GKs (Table 2). The products
of the respective genes in the genomes of Synechocystis
(slr1840), Nostoc (alr2873), and rice (Os01g0682500) are cur-
rently annotated as hypothetical proteins or putative phospho-
ribulokinase/uridine kinase-related proteins. We therefore
tested ADP formation with ribulose 5-phosphate and uridine,
respectively, but could not detect any enzymatic activity even
with relatively high concentrations of these two compounds
(data not shown). Our data hence identify these three proteins
as functional class I GK (SynGK) and GLYKs (NosGLYK
and OsGLYK).
For SynGK, the initially measured speciﬁc GK activity was
rather low (1.02 lmol min1 mg1 protein), but could be more
than 10-fold elevated by addition of 5 mM dithiothreitol
(DTT) to the enzyme assay. This is similar to observations
with the phylogenetically unrelated GLYK from maize [17]
and indicates that SynGK activity may be aﬀected by the redox
status of the cell. In contrast, the addition of DTT had no ef-
fect on any of the other examined enzymes.
Since the early reports, it is generally assumed that class I
GKs and GLYKs produce 3PGA [3,4], while class II GKs
form 2PGA [8,18]. However, there is also one report about a
2PGA-forming class I GK in E. coli [2]. In order to possibly
clarify these conﬂicting views, we used two additional assays
to diﬀerentiate between 2PGA or 3PGA formation. Assay 2
selectively converts 2PGA to phosphoenolpyruvate, while as-
say 3 phosphorylates 3PGA to glycerate 1,3-bisphosphate.
The respective rates were then compared with ADP formation
rates measured in assay 1. For all GLYKs (AtGLYK, Os-
GLYK, ScGLYK, and NosGLYK), the formation of 3PGA
Table 2
Kinetic parameters and product formation
Enzyme Km (D-glycerate) [mM] Km (ATP) [mM] Vmax [lmol min
1 mg1] Product
Class I
EcoGK1 0.086 ± 0.001 0.121 ± 0.016 465 ± 10 2PGA
EcoGK2 0.056 ± 0.006 0.200 ± 0.014 70.5 ± 9.5 2PGA
SynGK 0.043 ± 0.011 0.212 ± 0.033 14.5 ± 2.9 2PGA
Class III
NosGLYK 0.104 ± 0.011 0.206 ± 0.005 42.6 ± 10 3PGA
ScGLYK 0.208 ± 0.010 0,890 ± 0.043 268 ± 16 3PGA
OsGLYK 0.450 ± 0.054 0.812 ± 0.054 295 ± 65 3PGA
AtGLYK 0.266 ± 0.003 0.834 ± 0.138 364 ± 54 3PGA
AtGLYKnat 0.264 ± 0.036 0.783 ± 0.059 Not determined 3PGA
Values show mean ± S.D. from two or three experiments with independent protein preparations. Rates were measured twice at each substrate
concentration. Kinetic parameters of SynGK were determined after activation with 5 mM DTT. Km values for the native AtGLYK
nat served as a
control to exclude eﬀects of the N-terminal His-tag (one experiment only, statistic parameters from non-linear regression). Product 3PGA or 2PGA
means that formation of 2PGA (assay 2) or 3PGA (assay 3), respectively, was undetectable with a 20-fold excess (0.8 lmol min1) of the indicated
enzyme.
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mation was observed. On the other hand, ADP formation
matched the production of 2PGA with all examined class I
GKs (SynGK, EcoGK1, and EcoGK2) and 3PGA was not
produced by these enzymes. This indicates that only GLYKs
form 3PGA, whereas class I and II GKs are probably all gly-
cerate 2-kinases.
The examination of kinetic properties (Table 2) shows that
the Km values for D-glycerate and ATP for the two recombi-
nant E. coli GKs, EcoGK1 and EcoGK2, match published
data [2,16] and are very similar to the respective parameters
measured for the Synechocystis GK, SynGK. In contrast to
EcoGK1, EcoGK2 is a relatively labile enzyme [16]. In accor-
dance with this earlier observation, we also found that the
activity of EcoGK2 strongly decreased after storage at 4 C
for 1 day or prolonged storage at 20 C and could only par-
tially be restored by extended incubation with 5 mM DTT.
This indicates irreversible modiﬁcation under these conditions
and may be related the lower apparent speciﬁc activity.
The aﬃnity of the cyanobacterial GKs to D-glycerate was
distinctly higher than that of the plant GKs. This might reﬂect
the relatively low carbon ﬂux through photorespiratory metab-
olism in cyanobacteria, which could result in lower cellular gly-
cerate levels in comparison with plant leaves. Similarly, the Km
values for ATP are much higher for the plant and yeast GKs in
comparison with the bacterial GKs. As discussed before for
glycerate, this might reﬂect adaptation to the diﬀerent cellular
ATP levels. Chloroplasts contain about 1 mM ATP in the light
and 0.2 mM in the dark [19]. This range corresponds to the
determined Km (ATP) for the plant GKs and to the higher
photorespiratory carbon ﬂux in illuminated leaves. In illumi-
nated Synechocystis cells, ATP levels of 250 nmol mg1 chloro-
phyll were detected [20]. Darkened cells contain about 30% less
[21], which translates into saturating ATP concentrations of
about 0.5 mM in the light and 0.35 mM in the dark (assuming
2 mg Chl ml1 cell volume, unpublished data from our labora-
tory). Distinctly higher ATP concentrations prevail in yeast
cells under carbon-saturated conditions (1.5 mM) and even
more (4.5 mM) under carbon-limited conditions, where yeast
cells require GK presumably for glycerol degradation [22].
This also corresponds to the somewhat higher Km (ATP) of
ScGLYK in comparison with NosGLYK.In conclusion, our data provide ﬁrst direct evidence for the
presence of GKs in cyanobacteria, a class I GK in the unicel-
lular cyanobacterium Synechocystis and a GLYK in the ﬁla-
mentous, heterocyst-forming cyanobacterium Nostoc. The
formation of 3PGA from D-glycerate and ATP appears as
an exclusive property of GLYKs. It is tempting to speculate
that the absence of 2PGA-forming GKs in combination with
the presence of a 3PGA-forming GLYK in advanced photo-
trophic organisms is related to general requirements of photo-
synthetic–photorespiratory metabolism. Chloroplasts do not
contain phosphoglycerate mutase, hence lacking a complete
glycolytic pathway and the capacity to convert 2PGA to
3PGA [23]. Absence of this enzyme in chloroplasts may be
essential to avoid withdrawal of carbon from the Calvin cycle.
The presence of a 3PGA-forming GK in advanced photoauto-
trophic organisms matches this speciﬁc metabolic situation.
The occurrence of phosphoglycerate mutase in Synechocystis
explains the occurrence of a class I GK in this cyanobacterial
strain.
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